Somatic hypermutation (SHM) is an integral process in the development of high-affinity antibodies that are important for recovery from viral infections and vaccine-induced protection. Ig SHM occurs predominantly in germinal centers (GC) via the enzymatic activity of activation-induced deaminase (AID). In contrast, the evolutionarily related apolipoprotein B mRNA-editing enzyme, catalytic polypeptide 3 (APOBEC3) proteins are known to restrict retroviruses, including HIV-1. We previously reported that mouse APOBEC3 encodes Recovery from Friend virus 3 (Rfv3), a classical resistance gene in mice that promotes the neutralizing antibody response against retrovirus infection. We now show that APOBEC3/Rfv3 complements AID in driving Ig SHM during retrovirus infection. Analysis of antibody sequences from retrovirus-specific hybridomas and GC B cells from infected mice revealed Ig heavy-chain V genes with significantly increased C-to-T and G-to-A transitions in wild-type as compared with APOBEC3-defective mice. The context of the mutations was consistent with APOBEC3 but not AID mutational activity. These findings help explain the role of APOBEC3/Rfv3 in promoting the neutralizing antibody responses essential for recovery from retroviral infection and highlight APOBEC3-mediated deamination as a previously unidentified mechanism for antibody diversification in vivo.
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humoral immunity | restriction factor | antibody repertoire profiling | affinity maturation | Friend retrovirus N atural recovery from viral infections and vaccine-induced protection are typically associated with potent neutralizing antibodies (1) , so it is of great importance to understand fully the mechanisms that generate high-affinity antibodies. Part of the process of affinity maturation to improve the recognition of foreign antigens involves somatic hypermutation (SHM), which occurs predominantly in germinal centers (GCs) via the enzymatic activity of activation-induced deaminase (AID) (2, 3) . AID catalyzes the deamination of deoxycytidines to deoxyuridines in single-stranded Ig DNA. In vitro reconstitution and analysis of in vivo Ig mutations demonstrated that AID preferentially deaminates in the 5′-WRC-3′ context (W = A or T; R = purine = A or G; the underlined C corresponds to the deaminated deoxycytidine) (4) (5) (6) . On the other hand, a deoxycytidine preceded by a pyrimidine, e.g., in the dinucleotide context YC (Y = C or T) is referred to as an AID "coldspot." It is well established that AID is the critical enzyme mediating antibody class-switching and SHM. However, it remains unknown if other deaminases can complement AID in driving SHM.
The apolipoprotein B mRNA-editing enzyme, catalytic polypeptide 3 (APOBEC3) proteins are deoxycytidine deaminases expressed in lymphocytes, including T and B cells, that can restrict retroviruses, including HIV-1 (7). APOBEC3 becomes packaged into virions and inhibits reverse transcription in the next target cell. Retrovirus inhibition could occur through the enzymatic action of APOBEC3, which involves deaminating deoxycytidines in single-stranded reverse transcripts, resulting in G→A hypermutation in the retroviral plus strand (7) . Notably, APOBEC3 prefers to deaminate in the YC dinucleotide context, with different APOBEC3 proteins exhibiting subtle variations in their preferred sequence contexts. Human APOBEC3G deaminates in the CCC context (8, 9) , whereas mouse APOBEC3 (mA3) deaminates in the TYC context (10) (11) (12) (13) (14) (15) . Thus, the preferred deamination sites or sequence hotspots for AID and the APOBEC3 proteins are quite distinct; in fact, this property could be used to track their respective activities in vivo (16) .
mA3 was first known as Recovery from Friend virus 3 (Rfv3), a dominant retroviral-resistance gene in C57BL/6 (B6) mice that promotes the neutralizing antibody response against Friend retrovirus (FV) infections (17) (18) (19) . Polymorphisms in the Rfv3 gene of mice result in defective susceptible (s) alleles as in A.BY mice and functional resistant (r) alleles as in B6 mice (19) (20) (21) (22) . Previous evidence demonstrated that mA3/Rfv3 operates through an indirect mechanism to increase antigenic stimulation of immune cells via mA3-mediated release of noninfectious virus particles (23, 24) . APOBEC3-deficient mice had no defects in antibody classswitching (23, 25) . However, it remains possible that another mechanism of retrovirus restriction occurs through the deaminase activity of mA3. This previously proposed direct mechanism (18) stipulates that mA3 might directly mutate antibody genes, analogous to AID. Although hapten immunization studies in B6 WT
Significance
Antibodies are important for recovery from viral infections and vaccine efficacy. To improve the ability of antibodies to bind and neutralize viral pathogens, antibody DNA sequences undergo a mutational process driven by the enzyme activationinduced deaminase (AID). However, high levels of antibody mutations are required to potently inhibit global strains of the retrovirus HIV-1. We provide evidence that a related enzyme, apolipoprotein B mRNA-editing enzyme catalytic polypeptide 3 (APOBEC3), can also mutate antibodies during retrovirus infection, but in a different DNA sequence context compared to AID. The findings demonstrate that APOBEC3 acts as a key player in generating virus-specific neutralizing antibodies and highlight a previously unidentified mechanism for antibody diversification that could be harnessed for vaccine development.
versus mA3 −/− mice failed to reveal an impact of mA3 on antibody affinity maturation (23, 25) , hapten immunization does not recapitulate the immunological complexity of viral infections. We therefore evaluated whether mA3 was involved in SHM through sequence characterization of Ig mutations generated during FV infections. Our findings demonstrate that APOBEC3 can instigate Ig SHM during retrovirus infection in vivo.
Results

FV-Specific mAbs from mA3
+/s Mice Exhibit Higher SHM and Stronger
Binding to Native Virions. Investigation of mA3-mediated SHM was initiated by analyzing Ig heavy-chain (IgH) sequences from FV-specific monoclonal antibodies (mAbs) derived at 21 and 28 d postinfection (dpi). In total, 1,109 hybridomas were generated from Rfv3-resistant (B6 × A.BY)F 1 and Rfv3-susceptible (B6 In A, B, and G, the difference in percentages was evaluated using Fisher's exact test. In C-F, median values are shown; differences between the two groups were evaluated using a two-tailed Mann-Whitney U test with P < 0.05 considered significant. NS, not significant.
−/s , respectively) ( Fig. S1 and Table S1 ). We found that a significantly higher fraction of antibodies from mA3 +/s mice than from mA3 -/s mice reacted to native virions (Fig. 1A) . Because the mA3/Rfv3 phenotype affects the IgG response (18, 26) , we focused the analyses on the IgG mAbs. IgG2c accounted for more than half of the mAbs from both cohorts of mice (Fig. 1B) . We also found that a majority (88%) of the FV-specific mAbs were derived from B6 parental DNA (Fig. 1B) . This result allowed us to compare most of our hybridoma sequences against B6 germline reference sequences in the IMGT database (27) . IgG heavy-chain variable (V H ) genes from mA3 +/s mAbs exhibited significantly higher SHM levels than mA3 −/s mAbs (Fig. 1C) . Furthermore, the mA3 +/s mAbs had significantly higher relative binding to native virions than mA3 −/s mAbs (Fig. 1D) . Thus, the presence of a resistant mA3 allele correlated with higher levels of antibody affinity maturation.
APOBEC3 Deficiency Significantly Decreased mA3 Hotspot Mutations, but Not AID Hotspot Mutations, in FV-Specific Antibodies. We investigated the possible direct role of mA3 in the SHM of the hybridomas by looking at the context of the mutations. AID preferentially mutates in the WRC trinucleotide context (4-6), whereas mA3 deaminates in the TYC trinucleotide context (10-15) (Fig. S2 ). Not unexpectedly, AID-type WRC mutations accounted for a significant fraction of C and G mutations in all the mAbs, regardless of origin (Fig. 1E) . In contrast, mA3-type TYC mutations were found at significantly lower frequencies in mAbs from susceptible mA3 −/s mice (Fig. 1F) . Similar results were observed for the YC dinucleotide preference (P = 0.024 by Mann-Whitney U test) (Fig. S3A) and, in particular, for the TTC context (P < 0.0001) (Fig. S3B) . Thus, the functional (resistant) mA3/Rfv3 phenotype was associated with mA3-type mutations in virus-specific Ig sequences. Virus-specific antibodies may use immunodominant V H gene segments, as documented for V H 1-46 in rotavirus infections (28) and for V H 1-59 in HIV-1 CD4-induced antibodies (29) in humans. Therefore we examined whether certain V H genes predominated the FV-specific antibody response by analyzing the V H gene usage of the IgG mAbs ( Fig. 1G and Table S1 ). We found that 16 of 109 possible V H genes were used, and that V H 1-26 was found at high proportions in both mAb groups. The majority (60%) of the mA3-type mutations were detected in V H 1-19, which was found at a significantly higher frequency in mA3 +/s IgG mAbs than in mA3
IgG mAbs (Fig. 1G ). Interestingly, the V H 1-19 mAbs exhibited the highest binding to native virions (Fig. 1H) . The majority of mA3-type TYC mutations in the V H 1-19 + mAbs resulted in a methionine to isoleucine (M39I) substitution adjacent to the complementarity determining region 1 (CDR1) (Fig. S4) , and M39I was detected preferentially in mA3 +/s versus mA3 −/s mAbs (72% versus 0%, respectively; Fisher's exact test, P < 0.05). Moreover, the mA3 +/s mAbs encoding the TYC M39I mutation showed higher relative binding to native virions (Fig. S4) . Thus, mA3/Rfv3 resistance correlated with V H 1-19 IgG antibodies that harbored nonsynonymous TYC mutations. However, although a large number of hybridoma clones were analyzed, it was possible that some bias entered the analysis because of the expansion of select virus-specific B-cell clones by 21-28 dpi (Table S1 ). Investigating the impact of mA3 on mutational profiles in V H 1-19 relative to other V H genes also would require a more extensive sequence dataset.
High-Throughput Evaluation of Ig SHM by Next-Generation Sequencing.
As a more robust method to obtain large numbers of diverse V H sequences for detection of mA3-type mutations, we used nextgeneration sequencing (NGS) to quantify the frequency of IgG V H mutations in B6 WT (n = 3) and mA3 −/− (KO) mice (n = 4). The analyses focused on GC B cells because these cells are enriched for antigen-specific antibodies and are the sites of SHM (2) . Mice were infected with FV, and splenocytes were harvested for cell sorting of GC B cells at 7 dpi ( Fig. 2A) to increase the likelihood of capturing early SHM events before clonal expansion. Barcoded primers were used to amplify IgG cDNA sequences using highfidelity polymerase, and the amplicons were pooled and run on a 2 × 250 bp paired-end Illumina Mi-Seq. Overall, we obtained >4 million V H sequences (Fig. 2B) . To minimize bias caused by clonal expansion, identical sequences were collapsed into 314,607 unique V H sequences (Fig. 2B and Table S2 ). Of these unique sequence reads, 36%, including the two major V H genes, V H 1-19 and V H 1-26, grouped with the 16 V H genes in the FV-specific mAb panel (Fig.  2B) . We focused the analysis of NGS data on these 16 FV-mAb V H genes because these were documented to generate FV-specific IgG antibodies (Fig. 1G) . Validating the experimental strategy, SHM levels were 3.5-fold (range, 1.7-to 8.7-fold) higher in sorted GL7 and V H 1-26 sequences. Differences were evaluated using a two-tailed unpaired Student t test with P < 0.05 considered as significant.
GC B cells than in GL7
− (non-GC) B cells (Fig. 2C ). FV-mAb V H sequences from GC B cells were compared with germline sequences to calculate SHM frequencies. No significant defects in total SHM was observed in mA3 −/− mice as compared with B6 WT mice ( Fig.  2D and Fig. S5A ).
GC B Cells from FV-Infected APOBEC3 KO Mice Had Normal WRC Mutational Frequencies but Significantly Reduced TYC Mutations in
Specific V H Genes. We next counted AID-type (WRC) mutations in each of the 16 different FV-mAb V H genes and found that the frequency of AID-type mutations was not significantly different in WT and mA3 −/− mice (Fig. 3A and Fig. S5B ). Thus, mA3 deficiency did not result in any detectable change in AID-mediated SHM at 7 dpi. No significant differences in mA3-type mutations were detected between WT and mA3 −/− mice for 13 of the 16 FV-mAb V H genes (Fig. S5C ) or for 89 other V H genes not found in the FV-mAb panel (Table S3 ). However, mA3 −/− mice showed significantly fewer TYC mutations in V H 1-19 and V H 1-26 (Fig. 3B) . In addition, significantly fewer TCC mutations were observed for V H 1-18 (Fig. 3B) . The TYC mutations in V H 1-19 resulted in five amino acid substitutions that were more prevalent in WT mice (P < 0.0001 by Fisher's exact test) (Fig. 3C) . These substitutions included the V H 1-19 M39I mutation, which also was detected in the FV-specific IgG mAb panel (Fig. S4) . P58L was more prevalent in WT than in mA3 −/− V H 1-26 sequences, whereas M39I was significantly more prevalent in WT V H 1-18 sequences (P < 0.0001 by Fisher's exact test in both cases) (Fig.  S6) . The nonsynonymous V H 1-19 TYC mutations that correlated with mA3 function emerged in different mA3 +/+ mice and belonged to separate lineages, indicating that these TYC mutations arose independently (Fig. 3D) . Overall, the NGS data provide in vivo evidence that mA3 generated a significant proportion Fig. 3 . mA3 promotes TYC antibody mutations in specific V H genes. (A and B) The percentages of (A) AID hotspot and (B) mA3 hotspot mutations relative to the number of C or G mutations were evaluated in GC B-cell V H genes from WT (n = 3) and mA3 KO (n = 4) mice. Data are shown for V H 1-19 and V H 1-26, which are the major V H genes in the FV-specific mAb panel in Fig. 1G . The percentage of TCC mutations in V H 1-18 is shown in B. Differences were evaluated using a two-tailed unpaired Student t test with P < 0.05 considered as significant. (C) Prevalence of nonsynonymous TYC mutations in WT versus mA3 KO IgH sequences. TYC mutations from B6 WT (n = 16,680 noncollapsed sequence reads from three mice) and B6 mA3 KO (n = 51,096 noncollapsed sequence reads from four mice) sequences were combined, and those sequence reads that resulted in amino acid changes were evaluated in 2 × 2 contingency analyses. 
Discussion
The genetic link between mA3 and retrovirus-neutralizing antibody responses and the evolutionary relationship of mA3 to AID raised the possibility that mA3 has a direct effect on Ig SHM. However, testing this hypothesis required controlling for potential indirect effects of mA3-mediated FV restriction on antibody responses (23) (24) (25) . Because AID and mA3 preferentially mutate at different sequence contexts, we quantified AID-hotspot WRC mutations to evaluate if antibody SHM was impaired. Moreover, in the NGS studies, we minimized the indirect effects of mA3 by analyzing mice in the B6 background [which do not develop splenomegalic disease (30) ] at an early time point (7 dpi), when mA3 had no significant impact on the viral antigenic load (24, 31) . TYC mutations in FV-specific antibodies and associated GC B-cell V H genes decreased significantly in Rfv3-susceptible mice, but this decrease could not have been an indirect effect of mA3 on SHM, because mA3 deficiency did not alter the frequency of WRC mutations. Because TYC is the mA3 deamination hotspot (10-15), we concluded that mA3 directly generated a significant proportion of antibody TYC mutations during retrovirus infection in vivo.
AID evolved primarily to regulate antibody diversity, whereas the APOBEC3 proteins evolved to restrict retroviruses. Interestingly, phylogenetic analyses suggested that AID and APOBEC3 diverged from a primordial deaminase during vertebrate evolution (32) , coinciding with the development of the adaptive immune system (33) . Because AID still retains some antiretroviral activity (34) , the functional divergence between AID and APOBEC3 may be incomplete. Our findings suggest that mA3 has not completely diverged from AID with respect to antibody SHM. However, it remains to be determined whether mA3-mediated antibody SHM is just an accident of evolution. It may be beneficial for the host to use a deaminase with a distinct deamination preference relative to AID to ensure a wider range of possible antibody mutations during infection. However, it is notable that, in contrast to AID (3), the impact of mA3 on antibody SHM was not global: it was restricted to V H genes linked to the FV-specific antibody response, notably V H 1-19. FV-specific antibodies encoding V H 1-19 were preferentially selected in mA3 +/s mice and exhibited higher binding to native virions. Thus, V H 1-19 + B cells likely underwent extensive proliferation in GCs, because these cells were selected for binding to viral antigens. Notably, mA3 was expressed primarily in the cytoplasm (35) and may have limited access to Ig DNA in the nucleus. We hypothesize that extensive nuclear membrane breakdown during cell division may allow mA3 to access Ig DNA of rapidly expanding GC B cells. Further work will be required to test this proliferative model of mA3-mediated antibody SHM.
Evidence from several studies suggest that our findings in mice likely extend to the primate APOBEC3s. Mice encode only a single mA3 gene, but humans and rhesus macaques have seven APOBEC3 members that preferentially mutate in the YC context (8) (9) (10) (11) (12) (13) (14) (15) . APOBEC3A and APOBEC3B have already been linked to mutating genomic DNA (36, 37) . Moreover, coincubation of a partially single-stranded IgG DNA substrate with human tonsil nuclear B-cell lysates in vitro resulted in mutations in the CCC context, suggesting a potential role for APOBEC3G in mutating antibodies (38) . However, without knocking down the primate APOBEC3 genes in vivo, it remains possible that coldspot AID activity was responsible for the antibody YC mutations in primates. This uncertainty highlights the importance of the current studies that used mA3-defective mice to attribute antibody TYC mutations directly to mA3. Together, the in vivo data on mA3-defective mice and aforementioned studies on primate APOBEC3 activity suggest that the ability of APOBEC3 to mutate antibodies is evolutionarily conserved.
A role for mA3 in promoting Ig SHM during retrovirus infection could have significant implications for human B-cell immunity. In particular, one of the most challenging goals of HIV-1 vaccine development is to elicit neutralizing antibodies that can potently inhibit global strains. These broadly neutralizing antibodies (bNAbs) are characterized by extensive levels of SHM, mutating at an average of 26% relative to germline (39) . Most of these bNAbs harbored mutations relative to germline that fit the APOBEC3 deamination hotspot. The data based on mA3-deficient mice provide a strong rationale for testing the impact of human APOBEC3 proteins in antibody SHM and for identifying strategies such as IFN-α regulation (31) to modulate APOBEC3 activity in vivo. These efforts may be key to generating highly mutated antibodies with broad specificity against HIV-1 and other human pathogens for universal vaccine applications.
Materials and Methods
Mouse Strains. B6, A.BY, and BALB/c mice were obtained through The Jackson Laboratory. B6 mA3 −/− mice (18) 
